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Introduction
The CNS regulates cardiac rhythm by modulating the activity and discharges of both limbs of the autonomic nervous system (ANS), that is, the sympathetic and parasympathetic pathways, at the level of pacemaker cells of the sinus node. As these nervous discharges are rhythmic, methods based on the analysis of heart rhythms have been proposed to assess the autonomic control of heart rate (HR) in a non-invasive manner from electrocardiographic (ECG) recordings (Billman, 2011) . The parasympathetic nervous system is involved in faster rhythms than those driven by the sympathetic nervous system, based on their respective frequencies of nervous discharges (Akselrod et al., 1981) . Frequencydomain analysis methods are based on these frequency differences of heart rhythm oscillations. In humans, the standard threshold is fixed at 0.15 Hz (HRV Task Force, 1996) , with rhythms above this threshold, that is, high-frequency (HF) rhythms, considered as having a parasympathetic origin while rhythms in the frequency range of 0.04-0.15 Hz, also named low-frequency (LF) rhythms, are thought to be of sympathetic origin. These rhythms are the main source of HR variability (HRV) . HRV analysis in the frequency domain allows the partitioning of total HRV into frequency components, and power spectral analysis is used to quantify the power of LF and HF rhythms.
The two most common techniques of spectral analysis are fast Fourier transform analysis and autoregressive modelling. Based on these principles and techniques, the LF/HF ratio has been proposed as a gross index of sympatho-vagal balance. This parameter has become very popular both as a research tool for assessing autonomic control in human and animal studies and as an index for the risk of sudden death in various pathological contexts such as myocardial infarction (Tsuji et al., 1996) , heart failure (La Rovere et al., 2003) , stroke (Hilz et al., 2011) and diabetes (Koivikko et al., 2012) . However, there is still some controversy regarding the partitioning of HRV in the frequency domain (Sammito and Böckelmann, 2016) . Moreover, the LF band cannot be considered as reflecting rhythms with a sympathetic origin only (Parati et al., 2006) but instead is strongly influenced by the parasympathetic component, leading to some surprising results, for instance, during treatment with β-adrenoceptor antagonists (β-blockers) or after myocardial infarction (HRV Task Force, 1996) . Because LF and HF rhythms are rarely stationary except at rest, applying HRV analysis in the frequency domain to long-term ECG recordings is considered to have strong limitations. Since the publication of the HRV Task Force reference document, numerous publications on HRV have appeared and new methods of time and frequency domain analysis have been proposed. However, their contribution to the development of new clinical tools for the detection of high-risk patients is considered rather limited (Sassi et al., 2015) .
Paradoxically, spectral analysis of HRV consists of the analysis of the variability of the beat-to-beat heart period (RR interval) and not the beat-to-beat HR. Recently, the magnitude of HF beat-to-beat HR (HFHR) oscillations has been demonstrated as an interesting biomarker for the risk of drug-induced torsades de pointes (Champéroux et al., 2015) . Increases in HFHR oscillations induced by torsadogenic drugs were associated with signs of parasympathetic and sympathetic co-activation (Champéroux et al., 2016) . The present study aimed to design a model of autonomic cardiac modulation that would allow the assessment of parasympathetic and sympathetic co-activation.
Methods

Human ECGs
Twenty-four-hour Holter recordings (2/3-lead configuration, sampling rate: 200 Hz) were obtained from the Telemetric and Holter ECG Warehouse (THEW, hosted at the University of Rochester Medical Center, NY, USA), an initiative hosting a warehouse of digital Holter ECGs open to the scientific community. The E-HOL-03-0202-003 database of 200 healthy subjects [age > 15: 39 ± 16 (mean ± SD), 100 women, 100 men] was used to study HF oscillations in the healthy population. This database was also used to study influence of smoking on cardiac autonomic modulation (non-smoking, n = 145 vs. smoking, n = 55). Subjects were considered as eligible for enrolment and defined as healthy based on a battery of tests and information including no history of cardiovascular disease or disorders (stroke, TIAs and peripheral vascular disease), no history of high blood pressure (>150/90 mmHg), no medication, no chronic illness, normal physical examination, normal echocardiography, normal exercise testing and no pregnancy (Couderc, 2012) . The E-HOL-03-0202-003 database refers to one Holter ECG recording per subject. The E-HOL-03-0480-013 database of genotyped LQTS patients was used to study HF oscillations under β-blocker treatment conditions in humans. The LQTS data were accumulated over 25 years and donated to the THEW by the Hospital Lariboisière (Paris, France). In the present work, 181 Holter recordings were analysed from 127 LQT1 patients [age > 15: 37 ± 15 (mean ± SD)]. All LQT1 patients were genotyped with mutations of the KCNQ1 subunit. Twenty-eight out of these 127 patients were recorded at successive ages of their life during on or off β-blocker treatment periods. From the 181 Holter recordings, 110 were collected from patients off β-blocker treatment and 71 from patients on β-blocker treatment.
Animal ECGs
Translational investigations were conducted in cynomolgus monkeys and beagle dogs to check the validity of the model across species. Twenty-four-hour telemetric ECG recordings were obtained in both species. All animal care and experimental procedures were subjected to ethical review (ethics committee no CEEA-111) according to European directive 2010/63/UE on animal welfare. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) . In accordance with the 3Rs encouraging the reduction in the number of animals used for experimental research, no animal experiments were specifically conducted for this study: only experiments recorded in the internal CERB database were re-analysed for this work.
All animal experiments were conducted in the conditions described below. Adult male and female (three males and three females per group) cynomolgus monkeys (3-7 kg, 28-48 months, Noveprim Ltd and Le Tamarinier, Republic 
Beat to beat analysis
Beat-to-beat HR and heart period (RR interval) values were calculated from an analysis of ECGs from lead II using software developed in RPL (RS/1 programming language, RS/1 release 6.3, Applied Materials). Ten-second sequences with the presence of arrhythmias or evidence of recording artefacts were automatically excluded from analysis. Sampling rates were increased to 1000 Hz using linear interpolation algorithms to prevent any jitter in the estimation of the R-wave fiducial point and risk of spectrum alteration (Pinna et al., 1994; HRV Task Force, 1996) .
HF oscillations of HR (HFHR) and heart period (HFRR)
The term 'HF oscillations' refers to the magnitude of beat-tobeat HR and heart period (RR interval) changes within discrete 10 s intervals. The magnitude of HF oscillations was calculated from the difference between the maximum and minimum beat-to-beat HR and RR interval values noted within each 10 s sequence, as previously described (Champéroux et al., 2016) .
The HFAM ratio
We observed that changes in HFHR oscillations were more sensitive to sympathetic blockade by atenolol than HFRR oscillations ( Figure 1 ). We hypothesized that the relative influence of the two autonomic systems could be derived from the HFHR/HFRR ratio. Because the two variables (HFHR and HFRR) have different units, both parameters need to be the normalized. 
Power spectral analysis
RR interval values were re-sampled at a 1 Hz frequency. Power spectral analysis was obtained by applying a fast Fourier transform to successive and continuous 256 s sequences of 1-Hz re-sampled RR intervals. The power densities of LF and HF rhythms in ms 2 were derived from the integration of the power spectrum within the 0.04-0.15 Hz and 0.15-0.4 Hz frequency bands respectively (HRV Task Force, 1996) . The LF/HF ratio was derived from the ratio of power densities of LF and HF rhythms and is considered by some investigators to mirror sympatho/vagal balance or to reflect sympathetic modulations (HRV Task Force, 1996) .
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018) . Operators for animal experiments and data analysts were not blinded. This work does not contain any subjective observation or analyses that would justify blinding. Furthermore, all calculations were made by using fully automated computer procedures (GLP validated) from 
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., a, b) .
Results
Changes in mean HR in all analyses presented in this work are reported in the Supporting Information.
Characterization of the three states of the autonomic modulation in the HF band
The pattern of HF oscillations within 10 s sequences was inspected according to HFHRN/HFRRN values and magnitude of HFHRN and HFRRN oscillations in humans, cynomolgus monkeys and beagle dogs. We differentiated three patterns characterized respectively by (S1) stable, fast and large HFRR and HFHR oscillations (Figure 2A ), (S2) unstable and partially blunted fast oscillations within 10 s sequences (Figures 2B), and (S3) stable and more or less blunted HFRR and HFHR oscillations ( Figure 2C) . Discrete algorithms were then designed to automatically identify each state. For the first pattern, normalized HFRR oscillations were larger than HFHR oscillations. This state was named S1. The corresponding S1 algorithm was defined as follows: HFHRN/HFRRN≤1.
In contrast to S1, the second pattern, named S2, showed non-stationary and partially blunted fast oscillations within 10 s sequences. Non-stationarity was characterized by the presence of fast oscillations partially blunted and replaced by slower and more or less large phases of acceleration or deceleration within the 10 s sequences. In this state, normalized HFHR values were greater than 1. The S2 algorithm was defined as follows: HFHRN/HFRRN>1and HFHRN>1. For the third pattern, S3, HFRR and HFHR oscillations were stationary and blunted when compared with S1 oscillations. As a consequence of the blunting of HF oscillations, they were characterized by normalized HFRR and HFHR values less than 1. Consequently, the S3 algorithm was defined as follows: HFHRN/HFRRN>1 and HFHRN<1.
It is worth noting that these three algorithms are complementary and allow the classification of all analysed 10 s sequences in the proposed model.
Applying the HFAM model to the circadian cycle across species
The HFAM model was first used to analyse the circadian cycle in humans, cynomolgus monkeys and beagle dogs ( Figure 3 ). As expected, S1 oscillations appeared to predominate in all species during the night and were associated with an increase in the HFAM ratio. Conversely, the HFAM ratio was increased during the diurnal period. Likewise, S2 and S3 oscillations were proportionally increased during the light period, except
Figure 2
Typical ECG traces and HFHR and HFRR oscillations depicting the three states of the HFAM model. ECG traces were recorded in a 22-year-old woman. S1: stable, fast and large oscillations. S2: non-stationary and partially blunted fast oscillations inside 10 s sequences. Fast parasympathetic oscillations are partially blunted and replaced by slower phases of acceleration/deceleration (indicated by black arrows) inside the 10 s sequence. S3: Both HFRR and HFHR oscillations are blunted. Blue and red arrows: magnitude of HFHR and HFRR oscillations respectively. Details of calculations of the HFAM ratio are provided in parallel.
S2 oscillations in dogs which remained relatively similar between dark and light periods. These results provide the first evidence of the good translation of the HFAM model between species, despite noticeable differences in HR baseline and huge differences between the magnitude of HF oscillations in primates and dogs. These results also show that the HFAM model is more than a simple static reflection of HR, as it is capable of distinguishing different ANS influences on cardiac rhythm.
Pharmacological characterization of the HFAM model in non-human primates and dogs
Analysis of effects induced by several pharmacological agents (atenolol, to provide β 1 -adrenoceptor blockade; atropine, to provide muscarinic receptor blockade; clonidine, to provide central sympathetic inhibition and parasympathetic stimulation) were used to characterize the S1, S2 and S3 states both in cynomolgus monkeys and beagle dogs (Figure 4) . Full graphs over the 24 h period following dosing are presented as Supporting Information Figures S1-S3 for cynomolgus monkeys and Supporting Information Figures S4-S6 for beagle dogs.
These analyses confirm that S1 oscillations are large and pure parasympathetic oscillations as they were not reduced by acute dosing with atenolol but abolished under conditions of parasympathetic blockade, with atropine. Consistent with these findings, S1 oscillations were markedly increased by clonidine, a central parasympathomimetic/sympatholytic agent. Under atenolol, S1 oscillations were even slightly increased due to a shift in autonomic modulation in favour of S1 oscillations, due to the suppression of S2 oscillations during the light period. S2 oscillations are related to parasympathetic and sympathetic co-activation as they disappeared, equally, under conditions of either sympathetic inhibition (atenolol, clonidine) or parasympathetic blockade (atropine). S3 oscillations reflect reciprocal sympathetic activation and/or parasympathetic withdrawal associated with reduced HRV (blunted HF oscillations) as they were markedly increased under conditions of parasympathetic blockade (atropine) due to reciprocal sympathetic activation. Consistent with these results, the S3 state was either unchanged by sympathetic blockade by atenolol (reflecting an absence of sympathetic excitation under basal conditions) or reduced by clonidine under conditions of parasympathetic stimulation, due to a shift towards S1 oscillations. Accordingly, changes in the HFAM ratio consistently reflect global autonomic
Figure 3
Changes in S1, S2 and S3 oscillations and in the HFAM ratio over the circadian cycle in healthy subjects (n = 200), cynomolgus monkeys (n = 77) and beagle dogs (n = 82). Data shown are means ± SEM. Ratios are expressed as %·h À1 . The black bar represents the dark period of the 12 h light/ 12 h dark cycle.
modulation in favour of a lowering of the sympathetic influence in the presence of atenolol, parasympathetic predominance in the presence of clonidine or a reciprocal sympathetic activation/parasympathetic withdrawal in the presence of atropine.
Translation of the HFAM model to humans
The translation of the HFAM model to humans was studied by comparing smoking versus non-smoking subgroups of subjects and by analysing the effects of β-blocker treatment in LQT1 patients. In smoking subjects, S2 oscillations remained unchanged when compared to non-smoking subjects ( Figure 5 ). Smoking caused a shift in autonomic modulation in favour of S3 oscillations to the detriment of S1 oscillations. An increase in the HFAM ratio reflects a parasympathetic withdrawal and/or sympathetic activation. Interestingly, the HFAM model demonstrates that these effects persisted, even during non-smoking periods such as the night, suggesting a resetting of the autonomic modulation towards lower parasympathetic activity and/or higher sympathetic activity in smokers.
Applying the HFAM model to LQT1 patients showed that β-blocker treatment caused a shift in autonomic modulation in favour of S1 oscillations to the detriment of S3 oscillations ( Figure 6 ). S2 oscillations were largely reduced during the light period only, confirming the strong contribution of the sympathetic nervous system to this autonomic state in humans. The lowering of the HFAM ratio reflects higher parasympathetic modulation, as previously reported under β-blocker treatment in patients, following acute myocardial infarction (Sandrone et al., 1994) . Taken together, these results confirm the good translation of the HFAM model to humans in contexts of sympathetic inhibition and activation. We compared the HFAM model with a standard power spectral HRV analysis. Power spectral analysis (Figure 7 ) confirms changes in autonomic balance in LQT1 patients through LF/HF ratio analysis in the context of sympathetic inhibition, but the LF/HF ratio fails to demonstrate statistically significant changes in the autonomic balance in smokers, as previously reported (Lucini et al., 1998) . Moreover, the significant contribution to parasympathetic rhythms in the LF band makes it difficult to interpret changes in sympathetic rhythms when considering changes in LF and HF rhythms alone, in both contexts of sympathetic inhibition and activation.
Arrhythmic blockers of hERG channels
Torsadogenic drugs that block hERG channels, proportionally increased S2 oscillations (Figure 8 ) confirming that these arrhythmic agents cause the co-activation of both limbs of the ANS. Full graphs over the 24 h period following dosing are presented as Supporting Information Figures S7-S10 .
Discussion
This work demonstrates that analysis of the magnitude of the HR and heart period oscillations within discrete 10 s intervals, enables the differentiation of discrete states of autonomic modulation. Direct recordings of the activities of the sympathetic stellate ganglion nerve and the thoracic vagal nerve in dogs by telemetry demonstrated few circadian changes in parasympathetic activity whereas sympathetic activity was increased during the light period (Ogawa et al., 2007) . Accordingly, the HFAM model reflects autonomic modulation during the circadian cycle, as parasympathetic S1 oscillations predominate during the night whereas autonomic modulation depends on changes in sympathetic activity resulting from complex interactions between both limbs of the ANS during the light period. During the diurnal period, the HFAM model differentiated between two further types of autonomic modulation. The best known interaction is characterized by S3 oscillations that reflect sustained reciprocal influence between the two systems, leading to reduced HRV. Alternatively, this reciprocal modulation can be transitory and very short-lived leading to non-stationary oscillations. The latter mode is shown as S2 oscillations during which both fast parasympathetic oscillations and blunted oscillations are
Figure 5
Comparison of smoking (n = 55) with non-smoking (n = 145) subjects. The HFAM model shows an increase in S3 oscillations throughout the circadian cycle, confirming the good translation of the HFAM model to humans in the context of parasympathetic withdrawal and/or sympathetic activation. Data shown are means ± SEM. Ratios are expressed as %·h À1 . The black bar represents the dark period of the 12 h light/12 h dark cycle.
*P ≤ 0.05, significantly different from non-smoking.
present within short 10 s sequences. The choice of a 10 s window corresponds to a slight enlargement of the HF oscillation window, which should have been fixed at 6 s when considering the low conventional limit of the HF frequency band: 0.15 Hz. Within this 10 s window, the HFAM model facilitates the exploration of the influence of slow sympathetic rhythms (LF) on the magnitude of HF oscillations. In the context of parasympathetic withdrawal and reciprocal sympathetic activation, HRV is known to be reduced because of the blunting of HF oscillations (Billman, 2011) . Accordingly, HFHRN and HFRRN oscillations are lowered. In such a context, the decrease in HFRRN oscillations is more important than that of HFHRN oscillations. In this situation of sympathetic activation, the HFAM model exhibits similarities, through the HFHRN/HFRRN ratio, with the LF/HF ratio. Indeed, in this context, both HF and LF rhythms are reduced, but the lowering of HF rhythms is more pronounced than that of LF rhythms, explaining the increase of the LF/HF ratio. The HFAM model demonstrates that the proportion of non-stationary S2 oscillations is important during the diurnal period, about 20-40% depending on species. This finding confirms that the probability that autonomic rhythms are stationary over the 5 min recording sequences required to apply power spectral analysis is low in long-term ECG recordings (HRV Task Force, 1996) . This lack of "stationarity" is enhanced by uncontrolled breathing conditions in longterm ECG recordings. To counteract this source of variability, it is recommended that ECGs are recorded at rest under controlled respiration conditions over 5 min periods for HRV assessment (Brown et al., 1993) . These conditions cannot be attained in animal studies (telemetry) or during 24 h Holter recordings in humans, making it difficult to interpret data from such recordings and causing further inconsistencies in the analysis of autonomic modulation (Billman, 2011) . Conversely, the HFAM model significantly improves the interpretation of autonomic modulation under long-term ECG recording conditions by taking into account periods during which autonomic rhythms are not stationary (S2) due to the co-existence of sympathetic and parasympathetic activities. Alternatively, the HFAM model provides a probabilistic assessment of autonomic modulation through an analysis of the proportion between the three states S1 to S3, rather than a quantitative measure of sympatho-vagal balance. The latter aspect can nevertheless be appreciated through the HFHRN/HFRRN (HFAM) ratio with improved sensitivity when compared with the LF/HF ratio.
The co-activation or co-existence with activation of one or both components of the ANS has been reported in various
Figure 6
The HFAM model applied to LQT1 patients on or off β-blocker treatment (110 Holter recordings in patients off β-blocker treatment and 71 Holter recordings in patients on β-blocker treatment). β-blocker treatment in LQT1 patients causes a shift of autonomic control in favour of S1 oscillations to the detriment of all other oscillations of the HFAM model, confirming the good translation of the model to humans in the context of sympathetic inhibition. Data shown are means ± SEM. Ratios are expressed as %·h À1 . The black bar represents the dark period of the 12 h light/12 h dark cycle. *P ≤ 0.05, significantly different from off treatment.
situations such as during mild baroreflex sympathetic activation (Berntson et al., 1991) , during sudden emotional stress (Iwata and Le Doux, 1988) , following nociceptive stimulation (Chouchou et al., 2011) , or during the post-exercise phase due to the persistence of the sympathetic metaboreflex (Iellamo et al., 1999) and LF rhythms overlapping the postexercise parasympathetic-mediated slowing of the heart rhythm. Although further work is needed to characterize in detail each of these situations, they are likely to represent the majority of S2 oscillations as they are more prominent during the diurnal period and are markedly reduced by β-blocker treatment. However, stochastic non-stationary events cannot be excluded in this S2 state, although they would be largely in the minority as these S2 oscillations are not abolished by β-blocker treatment in LQT1 patients. Interestingly, some of these situations (emotional stress, exercise) have been reported to be triggers of arrhythmic events in a large proportion of LQT2 patients with hERG channel
Figure 7
Applying power spectral analysis to LQT1 patients on/off β-blocker treatment (110 Holter recordings in patients off β-blocker treatment and 71 Holter recordings in patients on β-blocker treatment), and in non-smoking (n = 145) and smoking subjects (n = 55). Except for changes in the LF/HF ratio in LQT1 patients, a clear interpretation of the autonomic modulation is rather difficult in both LQT1 patients and smoking subjects. Data shown are means ± SEM. The black bar represents the dark period of the 12 h light/12 h dark cycle. *P ≤ 0.05, significant effects of β-blocker or smoking.
mutations (Kim et al., 2010) . Likewise, several hERG-blocking drugs (e.g. dofetilide, thioridazine) known for their association with torsades de pointes in humans have been demonstrated to increase HFHR oscillations in animal studies (Champéroux et al., 2015) which in turn increased the beatto-beat ventricular repolarisation variability, a situation that favours occurrence of torsades de pointes (Champéroux et al., 2016) . The present study shows that these arrhythmic drugs cause increases in the proportion of S2 oscillations, also confirming the co-activation of both limbs of the ANS and providing an explanation for the increases in HFHR oscillations described previously with these drugs. However, the predictive value as a risk factor in human disease contexts remains to be demonstrated for S2 oscillations since the risk of sudden death is currently and generally associated with reduced HRV and elevated sympathetic activity. Nevertheless, our study demonstrates an improved sensitivity for detection of reduced HRV through an increase in S3 combined with an increase in the HFAM ratio when compared to spectral analysis in smoking subjects, which offers good diagnostic prospects in this context too.
In conclusion, the HFAM model allows, for the first time, assessment of a specific state of the autonomic control of HR, characterized by co-existence or co-activation of both components of the ANS. Moreover, this model allows a sensitive and refined estimation of the HR autonomic modulation applicable to long-term ECG recordings analysis and offers new approaches to the assessment of the risk of sudden death, both in terms of the underlying mechanisms and in terms of sensitivity.
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